Separation of metallic from semiconducting single-walled carbon nanotubes has been a major challenge for some time and some previous efforts have resulted in partial success. We have accomplished the separation effectively by employing fl uorous chemistry wherein the diazonium salt of 4-heptadecafl uorooc tylaniline selectively reacts with the metallic nanotubes present in the mixture of nanotubes. The resulting fl uoroderivative was extracted in perfl uorohexane leaving the semiconducting nanotubes in the aqueous layer. The products have been characterized by both Raman and electronic absorption spectroscopy. The method avoids the cumbersome centrifugation step required by some other procedures.
Single-walled carbon nanotubes (SWNTs) possess many remarkable and useful properties [1, 2] , but research and development in this area suffers from a major limitation because of the absence of a foolproof and easy method to separate metallic and semiconducting nanotubes [3] . Such separation is essential for many of the applications which are specific to one or the other type of SWNTs [4 8] . SWNTs prepared by the arc discharge or other methods generally contain around ~33% of metallic species. There are several reports in the literature describing methods of separation of SWNTs. These methods can be grouped into two main classes. The first involves sidewall functionalization by reagents such as dichlorocarbene, diazonium salts, fluorine or atomic hydrogen which transforms the electronic structure from metallic to semiconducting [9 13 ]. The underlying diffi culty with such methods is that too much functionalization leads to the disruption of the electronic structure of the SWNTs. The other approach involves selective collection of either metallic or semiconducting SWNTs through AC dielectrophoresis [14] , selective fl occulation assisted by octadecylamine [15] or porphyrins [16] , selective adsorption of Br 2 [17] , density gradient induced centrifugation [18] , and other methods [19] . Despite all these efforts, in most cases the degree of separation achieved is not sufficient for useful applications. Furthermore, most of these methods make use of high-speed centrifugation which is a cumbersome 184 Nano Res (2009) 2: 183 191 Nano Research process and does not also universally ensure complete separation [20] . In this contribution, we describe how metallic nanotubes can be effectively separated using a novel chemical approach viz. fluorous chemistry [20, 21] involving the reaction with the diazonium salt of 4-heptadecafluorooctylaniline. Water-soluble diazonium salts are known to react with carbon nanotubes [22 25] , and the diazonium salt, in the course of forming a covalent aryl bond, extracts electrons from the nanotubes and provides high chemoselectivity towards metallic nanotubes. The method described here involves reaction of the SWNTs with the diazonium salt and extraction of the nanotubes so functionalized by the fl uorous tag using a fluorous hydrocarbon. The method completely avoids centrifugation in the course of the separation. It may be noted in this connection that fluorous chemistry is one of the best methods available today for purification, with nearly 100% efficiency, as it involves merely attaching a fl uorous tag to the substrate and then extracting this tagged moiety into a fl uorous solvent.
In order to estimate the relative proportions of the metallic and semiconducting nanotubes, we have employed both electronic absorption spectroscopy and Raman spectroscopy. In the electronic absorption spectrum of the as-prepared and purified arc discharge SWNTs, a band centered around 720 nm arises from the metallic nanotubes (M 11 ) while bands around 1030 nm (S 22 ) and 1850 nm (S 11 ) are from the semiconducting ones [26] . The G-band in the Raman spectrum of the SWNTs consists of components due to the semiconducting and metallic species [27 29 ]. The frequency and linewidth of the band are sensitive to electron or hole doping, and provide a sensitive means of studying the electronic structure of the SWNTs [30, 31] . The bands from the metallic components in the G-band are centered at 1540 and 1585 cm 1 and bands from the semiconducting components at 1555 and 1588 cm 1 . We have also employed the Raman bands due to the radial breathing modes (RBM) to monitor the changes in the proportion of the metallic nanotubes.
The experimental procedure employed by us is as follows. SWNTs, prepared by the arc discharge method, were purified by successive acid and hydrogen treatment [32] . They were characterized by fi eld emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), electronic absorption spectroscopy, and Raman spectroscopy. A stable dispersion of these tubes was prepared by ultrasonication with a 1% aqueous solution of sodium dodecylsulphate (SDS) and subsequent centrifugation to produce a suspension containing singly suspended SWNTs which has a typical mass concentration of 20-25 mg/L [33] . The diazonium salt of the fl uorous aniline 4-heptadecafluorooctylaniline (from Sigma-Aldrich Co.) was prepared following the standard procedure [34] , wherein the fluorous aniline was dissolved in dilute hydrochloric acid (1 mol/L) and cooled to 4 °C. A cooled aqueous solution of sodium nitrite was added slowly over a period of 2 h under stirring, resulting in the formation of the diazonium salt solution of the fluorous aniline. This solution (1.2 mL, 51 μmol/L) was then reacted with the SDSsuspended SWNTs (5 mL) by the slow addition to the suspension of the nanotubes under constant stirring over a period of 6 h. This ensured the selective reaction of the diazonium salt with the metallic SWNTs. The reaction mixture was then stirred with the fluorous hydrocarbon perfluorohexane for 24 h to transfer the fl uorous-tagged metallic SWNTs into the fluorous phase [20] . The residue in the aqueous layer, as well as the fl uorous extract (both before and after combustion of the organic part), were examined by electronic absorption spectroscopy and Raman spectroscopy. The diazonium functionality from the fluorous extract was removed by heating and the resulting product was characterized. The residue left after diazotization was similarly heated to ensure that no functionalized SWNTs remained in order to avoid errors in the spectroscopic assignments. In this connection, it should be noted that in the absence of the diazonium reaction, both the metallic and semiconducting SWNTs do not dissolve in any solvent, particularly in fluorous hydrocarbons such as perfl uorohexane which is highly non-polar with a very low refractive index. Some of the SWNTS (the metallic ones) could be transferred to the fluorous solvent only after reaction with fl uorous diazonium compound.
An FESEM image of the purified SWNTs is shown in Fig. 1 . The upper inset shows the Raman spectrum of the as-prepared purified nanotubes, recorded at 632 nm laser excitation, where the RBM and the G bands are indicated [27, 28] . Based on the work of Kataura et al. [26] , we assign the Raman bands centered at around 145 and 165 cm 1 as due to semiconducting and metallic SWNTs, respectively. There are reports in the literature of RBM bands at 195 225 cm 1 for certain samples of SWNTs [35] , but these refer to SWNTs produced by the HiPco (High Pressure gas-phase decomposition of CO) process, which have different diameters from the nanotubes produced by the arc discharge method employed by us. According to Kataura et al. [26] , the RBM transitions are dependent on the SWNT diameter (the energy of the transition varies inversely with the tube diameter) and hence consequently on the process by which they are prepared. The positions of the RBM bands found by us are in agreement with the literature reports [36 39 ] of Raman spectra of arc discharge SWNTs prepared using a Ni Y catalyst. The electronic absorption spectrum of the nanotubes (recorded by depositing the sample on a quartz slide) used by us is shown in the lower inset of Fig. 1 . The band centered around 720 nm corresponds to the metallic nanotubes (M 11 ) while the bands around 1030 nm (S 22 ) and 1850 nm (S 11 ) are due to the semiconducting nanotubes [26] . I n o rd e r t o s e e t h e c h a n g e s i n the optical transitions of the SWNTs induced by the diazotization reaction a n d s u b s e q u e n t p r o c e s s e s , w e monitored the electronic absorption spectra at various stages. Figure 2 s h o w s t h e c h a n g e s i n t h e o p t i c a l absorption spectra on reaction with the diazonium salt. The spectra were r e c o r d e d o n l y u p t o 1 3 0 0 n m a s beyond that limit there is interference from water (which is the reaction solvent). The spectrum of the SWNT suspension after the completion of the diazotization reaction is devoid of the metallic band M 11 centered around 720 nm originally present in the spectrum o f t h e s u s p e n s i o n o f t h e s t a r t i n g SWNTs. The disappearance of this transition results from the presence of the diazonium functionality. The S 22 band at 1030 nm, on the other hand, remains almost unchanged. These spectra show that the methodology employed by us is efficient in selectively tagging the metallic SWNTs. 
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In Fig. 3 , we have shown the optical absorption spectra of the fluorous extract before and after annealing at 600 °C and the spectrum of the asprepared purified SWNTs for comparison. The spectra were recorded using solid samples deposited on quartz slides and subsequently washed with copious amounts of water. It is evident from the figure that our method essentially yields nearly pure metallic SWNTs in high yields as the metallic transitions, which disappeared in the fl uorous extract, reappeared on heating at 600 °C which destroys the diazonium functionality. This demonstrates that the fluorous extract consists almost entirely of metallic SWNTs. This evidence for defunctionalization on heating the diazotized SWNTs is further corroborated by the Raman spectra of the fl uorous extract (before and after annealing at 600 °C) as can be seen in Fig.  4 . The disorder band (D-band) in the spectrum of the fluorous extract has high intensity before annealing due to the functionalization by the diazonium salt. After heating the fl uorous extract at 600 °C, however, its spectrum exhibits a low intensity of the disorder band which is comparable to that of the starting material. This shows that we are able to remove the diazonium functionality from the fluorous extract completely. Figure 5 shows the electronic absorption spectra of SWNTs obtained from the fluorous extract (after heating it at 600 °C) and the residue left over after the extraction, along with the spectrum of the asprepared sample. The residue shows almost no evidence of the metallic species in its absorption Figure 5 Electronic absorption spectra of the SWNT samples: (a) asprepared pure SWNTs; (b) residue left in the aqueous layer after the fl uorous extraction and annealing at 600 °C; (c) solid obtained from the fluorous extract after removal of the diazonium functionality by heating at 600 ˚C spectrum, but instead exhibits only the S 11 and S 22 bands. The solid obtained from the fluorous extract after the removal of the functionalization (after heating at 600 °C) gives a spectrum which consists only of the metallic band M 11 centered around 720 nm. The absorbance data given are consistent with almost completely separated materials and not for mixtures slightly enriched by SWNTs of a particular electronic type. Even if the separated fractions contain some proportion of the other type of material (i.e., the fl uorous fraction contains a very small amount of the semiconducting SWNTs or vice versa), the band intensities were so low that it was not possible to calculate the proportion of impurities in the separated metallic and semiconducting fractions. Thus, the electronic absorption spectra clearly demonstrate that the fluorous procedure is efficient in producing nearly pure fractions of semiconducting and metallic SWNTs.
The G-bands in the Raman spectra (recorded at 632 nm laser excitation) of the as-prepared residue and the fluorous extract are shown in Fig. 6 . The spectra were recorded using solid samples obtained after washing with copious amounts of water to ensure that no other species were present along with the SWNTs. The spectrum of the as-prepared sample was decomposed into the BWF line shape [40] for the 1540 cm 1 band (the band due to metallic nanotubes) and Lorentzians for the 1555 and 1576 cm 1 bands (the bands due to semiconducting SWNTs). The G-band of the residue left after fluorous extraction shown in Fig. 6(b) clearly demonstrates a considerable reduction in the intensity of the 1540 cm 1 band showing that the sample consists almost entirely of semiconducting SWNTs. The 1540 cm 1 band shows a huge enhancement in the case of the fl uorous extract (subjected to annealing at 600 °C) showing that the sample comprises mostly metallic nanotubes as can be seen from Fig. 6(c) . This demonstrates that the G-band of the fl uorous extract is essentially due to the metallic species with their main characteristic band around 1540 cm 1 . We have avoided calculating the percentage of metallic and semiconducting species since the Raman signal arises mainly from nanotubes with a narrow window of diameter and helicity that interact strongly with the photons. It is well known that the appearance or disappearance of the BWF line shape depends on the presence of surfactants and other species [41] and the intensity of the BWF mode tends to be higher for surfactants containing electron donating groups, suggesting that charge injection may contribute to the BWF feature in dispersions of isolated SWNTs. To minimize these effects we ensured complete removal of the surfactant from the SWNTs by washing well with water before recording the spectra.
T h e R B M re g i o n s o f t h e R a m a n s p e c t r a illustrated in Fig. 7 shows that the bands due to the semiconducting species have essentially disappeared in the spectrum of the fluorous extract while the Nano Research tetrathiafulvalene transform the semiconducting SWNTs into metallic ones while electron acceptors reduce the proportion of metallic nanotubes [43] .
The separation of the SWNTs into metallic and semiconducting fractions is evident if one looks at the reaction mixture carefully before and after the reaction. As shown in Fig. 9 , the suspension of the mixture of the SWNTs separates into two fractions, namely the fluorous and the aqueous fractions, after the chemical processing. When the aqueous reaction mixture was stirred with perfluorohexane overnight, frothing occurred because of the presence of the surfactant SDS. To remove the frothing so that the layers are visible to the eye, methanol was added to the solution which removed the SDS from the solution thereby yielding a clear interface. As the SDS was removed from the aqueous phase, the singly suspended SWNTs (which were suspended in solution by SDS) started aggregating as can be seen in We carried out I V measurements on the metallic (fluorous extract) and the semiconducting (residue) SWNTs obtained after the fluorous chemical procedure by employing scanning tunneling spectroscopy. We show typical results in Fig. 8 . We see the expected differences in the I V curves, with the band gap for the semiconducting species being 0.52 eV. The band gap of the semiconducting SWNT was calculated from the derivative of the I V curve as shown in inset of the figure. Although we found semiconducting SWNTs with other band gap values, the value indicated here is the model value. The availability of pure semiconducting and metallic SWNTs has encouraged us to use them for investigations in sensor applications and also to investigate the effect of electron donor and acceptor molecules [42] . Electron donor molecules such as In conclusion, by employing fl uorous chemistry, we have been able to obtain nearly pure metallic and semiconducting SWNTs. The method is quite simple and avoids ultracentrifugation in the separation methodology. We used centrifugation only to produce singly suspended SWNTs in the presence of SDS. Using optical absorption data, we estimate that the metallic nanotubes obtained using the fluorous chemistry have a purity of at least 95%. It should be possible to scale up the fl uorous procedure and separate larger amounts of SWNTs into metallic and semiconducting nanotubes. Use of sonication and other such steps during the diazotization reaction may improve the effi cacy of the procedure. The procedure based on fluorous chemistry can also be employed with SWNTs prepared by other methods such as HiPco and laser ablation.
